A full-length cDNA (1,434 bp) of mitogen-activated protein kinase (MAPK), a key molecule of a signal transduction cascade, was isolated from the estuarine heterotrophic dinoflagellate Pfiesteria piscicida. This cDNA (Ppmapk1) encoded a protein (PpMAPK1) of 428 amino acid residues that shared about 30 to 40% amino acid similarity with MAPKs in other organisms. Phylogenetic analysis indicated that PpMAPK1 was tightly clustered with MAPK3 in protozoans. Using reverse transcription-PCR, expression of this gene was evaluated for P. piscicida cultures grown under different conditions. While salinity shock, heat shock, starvation, and a subsequent encounter with prey did not appear to affect expression of this gene, Ppmapk1 expression level was correlated with growth rate, suggesting involvement of this gene in the regulation of cell proliferation in the organism.
Pfiesteria piscicida Steidinger et Burkholder is an ambush predator dinoflagellate implicated in major fish kills in North Carolina and Maryland estuaries (5, 6) . First discovered in 1988 (6) , this organism constitutes a novel genus (34) whose phylogenetic affiliation has only recently been established (24, 32) . Over the last decade, P. piscicida and closely related species have been intensively studied, mainly because of a suspected capability to produce potent neurotoxins and extremely complex life cycles, issues that are still under debate (2, 11, 25, 36) . This organism is of high research interest also because it is capable of kleptoplastic photosynthesis (14, 21) , although its life-supporting role appears to be more limited than previously thought (21) . More recently, unusually extensive RNA editing in two mitochondrial genes was found in P. piscicida as well as in other dinoflagellates (23) . Another outstanding characteristic of P. piscicida is its extraordinarily rapid response to chemical cues such as fish extract or excreta (4) , suggesting an efficient signal transduction mechanism. In addition, P. piscicida is able to grow in a wide range of salinity conditions (0 to 35 practical salinity units [PSU]) (35) , which implies the existence of an osmoregulation mechanism (4) . Rapid changes in growth and life stage transformation are also suggested by the observation of population emergence (or excystment) upon encounter of fish prey and quick disappearance (or encystment) upon removal of the prey (4) . Although all these previous results imply that an efficient signal transduction network may occur in P. piscicida, regulating cellular response to the external environment and cell proliferation or transformation, no signaling molecules have been identified for this organism.
Mitogen-activated protein kinase (MAPK) is potentially a useful molecule for us in efforts to gain understanding of the molecular mechanisms by which P. piscicida interacts with the environment and changes its growth states, particularly because of the multitude of functions that have been described for this molecule in other organisms. MAPK is a key component of the evolutionarily conserved signal transduction cascades consisting of MAPK/ERK (MAPK/extracellular signalrelated kinase) that is activated by a MAPK/ERK kinase (MEK) which in turn is activated by a MEK kinase (33) . This generic MAPK module takes on different forms (such as MAPK3, ERK, and stress-activated protein kinase [SAPK] ) to produce parallel but interwoven MAPK signaling pathways that respond to different extracellular stimuli (1) . These signal pathways occur widely in eukaryotes (yeasts, plants, and animals) and are involved in regulation of a variety of cellular activities (1, 7, 30, 33) . For example, MAPK is known to relay extracellular cues to transcription factors in the nucleus in yeast (e.g., Saccharomyces cerevisiae) (13) , protozoan (29) , and mammalian cells (39) . In the nematode Caenorhabditis elegans, a MAPK homolog (MEK7) has been found to play a role in stress response (18) . Recent studies demonstrated a regulatory role of MAPK in chemotaxis of amoeboid cells (27, 37) . MAPK is also involved in regulation of the cell division cycle and other reproduction activities. In yeast, the organism in which MAPK is best understood, MAPK signal transduction cascades function in modulating mating pheromone response, cell cycle control, and cell integrity (10, 15, 26, 28, 38) . MAPK signaling pathways also mediate cell survival, cell death, and cell cycle arrest (3, 12, 16) . A MAPK (p43 Ntf6 ) in higher plants appears to play a role in regulating cytokinesis (7, 19) , and a p42 MAPK in Xenopus embryos is required for exit from the M phase of the cell cycle (9) . In studying how environmental factors affect growth of P. piscicida, we isolated and characterized a MAPK gene and found that this gene was expressed in a growth rate-dependent fashion.
phyte Rhodomonas sp. (CCMP768) as food (40) . The P. piscicida cultures were maintained at a concentration of 1.0 ϫ 10 4 to 1.3 ϫ 10 5 P. piscicida cells/ml, with regular feeding at a prey-to-predator ratio of 2 to 5 Rhodomonas sp. cells per P. piscicida cell. A photocycle of 12 h of light and 12 h of dark was provided, with the illumination at a photon flux of 100 microeinsteins m Ϫ2 s Ϫ1 . Growth was monitored by taking 1-ml samples for cell count with a Sedgewick-Rafter chamber.
To collect samples for gene cloning, feeding was discontinued for the P. piscicida cultures for 36 h before sampling. After confirmation that very few cells of the food alga Rhodomonas sp. were present, samples were harvested using centrifugation at 3,000 ϫ g for 20 min at 4°C and the cell pellet was resuspended in 1 ml of Trizol (Gibco BRL, Grand Island, N.Y.) and stored at Ϫ80°C until RNA extraction. In experiments to evaluate gene expression under different growth conditions, samples were collected in the same way but at differing time points (see below).
RNA extraction, cloning, and sequencing. Frozen samples were thawed at room temperature and centrifuged at 10,000 ϫ g for 1 min. Supernatants were transferred to a new tube, while cell pellets with about 50 l of supernatant were frozen on dry ice for 2 min and then homogenized using a micropestle (catalog no. 84900; Fisher Scientific) until thawed. After brief centrifugation, the sample was frozen on dry ice again and homogenized. This procedure was repeated three times, and most cells were found broken when examined under the microscope. RNA was then isolated essentially as described previously (23) . Throughout the study, RNA samples from all experiments were dissolved in autoclaved diethyl pyrocarbonate-treated H 2 O to reach a final concentration equivalent to 2 ϫ 10 7 to 1 ϫ 10 8 cells per ml. Following the method of Lin et al. (23), first-strand cDNA was synthesized using an amount of RNA equivalent to the same number of cells (about 10 5 cells) for all samples. A partial MAPK homolog was obtained by PCR amplification using a set of degenerate primers designed from the conserved regions (GR/SGAYG and EALAPHYF) of the gene in other organisms. Based on the sequence of the MAPK fragment that was cloned, specific primers were designed to clone the 5Ј and 3Ј ends of this gene by the RNA ligase-mediated rapid amplification of 5Ј and 3Ј ends technique (GeneRacer kit; Invitrogen). This technique allows only those mRNA molecules that have the methyl-Gppp cap on the 5Ј end and a (poly)A tail on the 3Ј end to be PCR amplified. Gene-specific primers used in this procedure were as follows: (i) for the 5Ј end of the gene, 5Ј-CAGCTGAAATCCGTGTCGATGGAAC-3Ј (PPMAPKR1) and 5Ј-TCACG AATCACCTTGACCGCGAC-3Ј (PPMAPKR2); (ii) for the 3Ј end of the gene, 5Ј-TACTTGCACTCCGCTGGCATTGTTC-3Ј (PPMAPKF1) and 5Ј-CTCTTG AAGTTGTTAGATAAAGTTCC-3Ј (PPMAPKF2). PCR amplification was carried out for 1 min at 95°C, followed by 35 cycles of 20 s at 94°C, 30 s at 58°C, and 40 s at 72°C. PCR products were cloned and sequenced using an ABI Prism 377XL DNA sequencer.
Phylogenetic analysis. The nucleotide sequence of the full-length cDNA was first analyzed using the basic local alignment search tool (BLAST) program and GenBank databases for homolog search. The deduced amino acid sequence was then compared with those of related kinases from various organisms found in the search. Sequence alignments and phylogenetic analysis were performed as described previously (40) . The reliability of the tree topology was evaluated by bootstrap analysis of 1,000 replicates. Because the cloned gene showed similarity to members of different subgroups of the MAPK gene family, representative members from each subgroup were included in the analysis to cluster with this dinoflagellate MAPK gene.
Feeding and starvation experiment. When P. piscicida culture was growing in the exponential phase under a daily feeding scheme, feeding was discontinued for 36 h, and a sample was collected as a representation of the initial condition. The culture was then fed once with four to five Rhodomonas sp. cells per P. piscicida cell and harvested at 0, 4, 8, 12, 16, 20, 24, 28, 32, 36, 40, 44, 48 , and 96 h after the feeding. Within 1 day, almost all of the prey algae were removed by P. piscicida, and the culture was considered starved after 36 h. All samples collected during this experiment were about 200 ml, and growth was monitored as mentioned above.
Osmotic shock and heat shock. A P. piscicida culture was grown as described above in 15-PSU seawater, and feeding was discontinued for 28 or 36 h. For osmotic-shock experiments, a 600-ml culture was diluted with 1.2 liters of autoclaved distilled water to bring the salinity down to 5 PSU. Distilled water was added gradually (about 120 ml per min) while mixing. In parallel, another 600-ml, 15-PSU-grown culture was supplemented with 1.2 liters of 45-PSU artificial seawater to yield a salinity of 35 PSU. The 45-PSU seawater was also added at a rate of 120 ml per min. In both cases, samples of 600 ml from each culture were collected at 1, 6, and 24 h after osmotic shock for RNA extraction. The experiment was carried out twice for hypoosmotic shock and three times for hyperosmotic shock.
For the heat shock experiment, a culture was transferred from a 20°C culture room to a 30°C water bath, with a 1°C increment per min. Samples (200 ml) were collected in 1, 6, and 24 h after heat shock for RNA extraction. This experiment was separately conducted twice.
Growth rate experiments. From several cultures grown under different conditions (starvation, feeding, osmotic shock, and heat shock), samples were collected at various time points when growth rates were different. Growth rates of the cultures at the time of sample collection were calculated as ϭ (lnN t Ϫ lnN 0 )/t, where N t and N 0 are cell concentrations at times t and 0, respectively. The samples were processed using reverse transcription-PCR (RT-PCR) to determine the expression level of Ppmapk1 in the amount of RNA equivalent to 2 ϫ 10 4 cells, which was normalized to the level of cob mRNA (see below). Statistical analysis was then performed to determine the correlation between growth rate and the normalized Ppmapk1 expression level.
RT-PCR. RT-PCR was performed to evaluate the expression of Ppmapk1. RT-PCR was carried out as follows. Total RNA equivalent to the cell number of each sample was reverse transcribed into first-strand cDNA as mentioned above. Next, 1 l of original (for Ppmapk1) or 50-fold-diluted (for mitochondrial cytochrome b; cob) first-strand cDNA solution (equivalent to 2 ϫ 10 4 or 400 cells, respectively) was used as the template and EX Taq polymerase (Takara Shuzo) was used for PCR. cob (40) was also RT-PCR amplified to normalize expression levels of Ppmapk1. At the time of this study, no well-characterized dinoflagellate housekeeping gene was available for an RT-PCR control, and our preliminary tests showed that cob differed relatively little in cells under the different physiological and growth conditions used in this study (see Fig. 3 ). PCR was performed at 94°C for 20 s, annealing was performed at 58°C for 30 s, and extension was performed at 72°C for 40 s for 40 cycles (for Ppmapk1) or 25 cycles (for cob). The PCR amplification of both genes had been verified by a time-step PCR protocol to be in the exponential-increase phase (40) . DNA band intensity was quantified using a gel documentation system (UVP) with the standard calibration mode. The MAPK primers used were PPMAPKF1 (forward) and PPMAPKR1 (reverse) (see above), specifying a 508-bp product. The primers for cob were PPCOB1F and PPCOB1R, as described previously (23), which specified a 628-bp product. Expression of Ppmapk1 was evaluated as the band intensity of this gene normalized to that of cob (mapk/cob).
RESULTS
Ppmapk1 gene sequence. PCR using the degenerate primer set yielded a gene fragment of about 860 bp. Rapid amplification of both the 5Ј and the 3Ј ends led to the isolation of the full-length cDNA of Ppmapk1 (1,434 bp; GenBank accession no. AF227275). A BLAST search of the deduced protein of this gene (PpMAPK1) showed that the highest similarity was to MAPK of other organisms. Analysis of 17 clones revealed one identical Ppmapk1 sequence. Use of the specific primers designed on the basis of this sequence (PPMAPKF1 and PP-MAPKR1) yielded a PCR product for cDNA from P. piscicida cultures but not for cDNA from Rhodomonas sp., although the amounts of RNA used in the RT-PCR were equivalent to the same numbers of cells for the two organisms, thus verifying the P. piscicida origin of this cloned gene. As shown in Fig. 1 , the gene sequence consists of a coding region specifying 428 aa residues, a 118-bp untranslated region (UTR) at the 5Ј end, and a short nucleotide tract (12 bp) of UTR at the 3Ј end followed by the poly(A) tail.
Phylogenetic analysis. A multi-alignment of deduced amino acid sequences demonstrated the presence in PpMAPK1 of a domain unique to MAPKs, LTDYVVTRWYRAPELM, in which the TDY matched the highly conserved TXY motif for phosphorylation. The amino acid similarity of PpMAPK1 to counterparts in other organisms was about 30 to 40%. The alignment also indicated that the C and N termini of MAPK were highly variable among different organisms and that Pp-MAPK1 had the longer C terminus. Phylogenetic analysis using representative amino acid sequences from the three major 344 LIN AND ZHANG APPL. ENVIRON. MICROBIOL.
MAPK subgroups indicated that the sequences were clustered primarily by the type of MAPK and secondarily by the group of organisms (Fig. 2) . The sequences used in this analysis formed four major clades: animal MAPK3, ERK, and SAPK and protozoan MAPK3. Within clades ERK and SAPK, several subgroups were clearly identified. Closely related organisms were clustered together within the subgroups or clades. On this tree, PpMAPK1 was tightly clustered with protozoan MAPK3. Expression of Ppmapk1. As described above, use of primers PPMAPKF1 and PPMAPKR1 in RT-PCR yielded positive results only from P. piscicida RNA and not from the prey (Rhodomonas sp.) ( Fig. 3 and 4) , indicating the specificity of the primer set. RT-PCR results showed that Ppmapk1 appeared to be expressed constitutively at low levels in general. In the feeding and starvation experiment, only a faint RT-PCR band of Ppmapk1 was detected for the initial sample about 36 h after the previous feeding (0 to 4 h; Fig. 3A) . Similarly low levels were constantly observed for cultures that were starved for differing periods of time (e.g., after 32 h; Fig. 3A) , and the expression level decreased noticeably shortly after feeding (0 to 4 h; Fig. 3A) . However, 12 to 24 h after feeding, the expression level of Ppmapk1 increased and reached its peak before it declined toward the background level again (Fig. 3A) . The faint RT-PCR bands observed were not due to limited abundance of total RNA in those samples, because cob amplified under the same condition for fewer (25) cycles and with 1/50 of the cDNA amount used for Ppmapk1 yielded a strong and similarly abundant band for each reaction. The similar abundance of cob mRNA detected also verified that this gene was expressed at a more or less constant level under the conditions used in this study and that it was suitable for normalization of the Ppmapk1 expression level.
When a P. piscicida culture was osmotically shocked by the addition of distilled and deionized H 2 O or concentrated artificial seawater (45 PSU), no significant changes in Ppmapk1 expression in comparison to the background level were observed ( Fig. 3B and C) . Similarly, a low and invariable level of Ppmapk1 mRNA was seen for cultures under heat shock treatment (transfer of the culture from 20 to 30°C) (Fig. 3D) .
We further examined the relationship between Ppmapk1 expression and growth rate. In the feeding and starvation experiment described above, elevation of Ppmapk1 expression in the 24 h after feeding coincided with an abrupt increase in the cell concentration of the culture. Another experiment showed that Ppmapk1 expression was at the background level when the P. piscicida culture was not fed for 36 h (day 0) and then increased remarkably 1 day after feeding (day 1) before it decreased to the background level again in subsequent days (Fig. 4A) . In correspondence, the daily growth rate of this culture was near zero on day 0, 0.36 day Ϫ1 on day 1, and down to near or lower than zero subsequently (Fig. 4B) . Regression of the data from several independent experiments revealed a correlation between Ppmapk1 expression level and growth rate of P. piscicida (Fig. 4C) . A t test of the correlation coefficient (r ϭ 0.61, df ϭ 12) indicated that the correlation was significant (P Ͻ 0.05).
DISCUSSION
Identification of signal transduction pathways is critical for understanding the mechanisms by which cellular activities of unicellular organisms are regulated by environmental factors. The study reported here was the first attempt to isolate and characterize a component of a universal signal transduction pathway for dinoflagellates.
Conservation of MAPK and a unique structure in P. piscicida. The results of this study demonstrate that P. piscicida possesses a MAPK gene, suggesting the presence of MAPKbased signal transduction pathways in this organism. Given that the MAPK gene family has been identified in a wide range of eukaryotes, the presence of MAPK in dinoflagellates was not unsuspected. The short 3Ј-end UTR found in P. piscicida appears to be distinct, however. How the short 3Ј UTR affects Ppmapk1 mRNA is unclear, but it is tempting to speculate that it renders the mRNA less stable than a longer 3Ј UTR would and results in a shorter lifetime of the mRNA and hence the relatively low mRNA abundance of this gene.
Phylogenetic analysis including various types of MAPK sequences from all major organisms indicates that PpMAPK1 is tightly clustered with its protozoan relatives, which agrees with the phylogenetic relationship derived on the basis of ribosomal rRNA genes (32) . Our analysis reveals a discordance, however, in identifications of MAPK3 for animals and protozoa (Fig. 2) . MAPK3 in animals is characterized by the SEG motif, whereas the protozoan homologs contain TEY, TDY, or TQY instead. The two MAPK3 clades are clearly distinct and should warrant reconsideration of their molecular identities by functional examination.
Ppmapk1 expression during starvation and feeding. The exact function and mechanism by which Ppmapk1 works in P. piscicida cells warrant further studies using molecular and biochemical approaches. Given that Ppmapk1 is normally transcribed constitutively at low levels, this gene may constantly play an active role in mediating environmental conditions for the intracellular sites or in regulating cellular activities. Since P. piscicida has been found to respond to food supply quickly and appears to be a voracious predator (4; S. Lin, unpublished 
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PFIESTERIA PISCICIDA MAPK 345 data), a MAPK signal transduction pathway may possibly be activated by starvation or feeding events. In the nematode C. elegans, a MAPK pathway was found to be associated with feeding (1). However, starvation in P. piscicida did not seem to alter expression of Ppmapk1, although the cytological effects, such as reduction in cell size (e.g., from 15.8 Ϯ 3.8 m to 8.7 Ϯ 1.8 m after 2 days of starvation [n ϭ 200, P Ͻ 0.05]), were remarkable. Similarly, expression of this gene was not significantly changed immediately after feeding. Simultaneous measurement of cell counts showed that upon supply of algal prey, P. piscicida grazed very actively and removed the majority of the prey within 6 h (results not shown). These results indicate that starvation, encounter with food (i.e., addition of food to starved cultures), and active grazing shortly after prey addi-
Rooted phylogenetic tree of MAPK family constructed by the neighbor-joining method (31) based on amino acid sequences. The representative members from all three major MAPK subgroups were used, and the tree was rooted by two cdc2-related protein kinases (GenBank accession no. 1815167F and AB005541). Circled numbers at nodes are bootstrap confidence values based on 1,000 replicates. Only values higher than 65% are shown. The tree was corrected by the Kimura method (17) , and the scale bar denotes the number of amino acid substitutions per site. SAPK, SAPK subgroup; ERK, ERK subgroup; MAPK3, MAPK3 subgroup; JNK (c-Jun N-terminal protein kinase), animal SAPK1 cluster; p38, animal SAPK2 cluster; HOG, yeast SAPK cluster; PERK, plant ERK cluster; AERK, animal ERK cluster; YERK, yeast ERK cluster. The conserved dual phosphorylation motif TXY (threonine-variable amino acid-tyrosine) of each subfamily is shown in parentheses. Note that this motif is SEG in the animal MAPK3.
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tion do not have a direct influence on the expression of Ppmapk1. Ppmapk1 expression in osmotic and heat shock. Salinity and temperature are two important environmental factors that can potentially affect activities of P. piscicida cells, and such effects may be mediated through a MAPK pathway (20) . In yeast, a MAPK (HOG1) functions as a signaling molecule for hypertonic osmotic shock. Given that yeast is a freshwater organism, induced expression of HOG1 upon exposure to high salinity (13, 14) is as expected. However, we observed no induction of Ppmapk1 expression when P. piscicida was under either hypertonic or hypotonic osmotic shock. Interestingly, this result seems to agree with the observation that P. piscicida is a euryhaline organism, growing well in conditions of salinity ranging from 5 to 35 PSU (4, 35) . In our study, no unusual cell morphology or swimming pattern was seen for the culture under hypotonic osmotic shock, although an abnormal swimming pattern of cells was evident in the first 12 h under hypertonic salinity shock. No significant effects on long-term growth rates were observed in either of these cases. The possibility cannot be excluded, however, that either Ppmapk1 was involved at a posttranscriptional level or a Ppmapk1-independent signal transduction pathway was involved in the osmoticshock responses in this species.
The heat shock treatment (from 20 to 30°C) of the P. piscicida culture did not seem to affect Ppmapk1 expression. Consistent with the absence of a Ppmapk1 signal, cell concentration of the heat-shocked culture did not decrease in comparison to that of the control. Instead, growth rate slight increased and cells became smaller (results not shown), as would be expected as a response to a temperature rise within the physiological range of the organism. This suggests that P. piscicida is tolerant of high temperature, which would be in agreement with the fact that P. piscicida has been found mostly in warmer locations and warmer seasons. Although it has been found in other areas as well (5) , this organism appears to be more common in North Carolina and Maryland and tends to occur more in the summer season when water temperature is above 25°C (4, 5) . Similar to the case of osmotic shocks, the possible alternative explanation of the lack of Ppmapk1 signaling in heat shock would be that an independent signal transduction unknown to us was activated in the heat shock response or Ppmapk1 was involved at a posttranscriptional level.
Association with cell proliferation and its potential as a growth rate estimator. MAPK has been shown to be involved in the regulation of the cell division cycle. The regulatory functions range from regulation of cell cycle progression (13, 26, 38) , cell cycle arrest (10, 12) , and exit from M phase (9) to regulation of cytokinesis (7, 19) . Our results showed that the expression level of Ppmapk1 was elevated dramatically when the growth rate of a P. piscicida population increased (Fig. 4) , suggesting that PpMAPK1 might be involved in regulation of cell proliferation. The apparent association of PpMAPK1 with cell proliferation is supported by the positive correlation between Ppmapk1 expression level and growth rate found in this study. Although the data are somewhat scattered, the reason for which is not clear, the correlation is statistically significant. The correlation can be attributed to direct involvement of PpMAPK1 in cell division regulation or it may be a relationship derived from the association of PpMAPK1 with an unrecognized signal transduction pathway that is more active in actively proliferating cells. Nevertheless, the empirical correlation observed in this study can potentially be useful as a molecular marker for estimating the in situ growth rate of P. piscicida. Such a marker would be a useful alternative to the traditional cell cycle approach, in which high-frequency diel sampling is required for estimation of growth rate of microalgae through DNA analysis (8) or cell cycle protein analysis FIG. 3 . Expression of Ppmapk1 under differing feeding, salinity, and temperature conditions. Ppmapk1 expression level was determined using RT-PCR and was compared with that of cytochrome b examined simultaneously with Ppmapk1. Results from the two to three independent experiments within each treatment were similar, and only one from each treatment is shown here. (A) Feeding and starvation experiment. Samples were collected before the experiment (initial collection at about 36 h after previous feeding), at the beginning of the experiment (immediately after a feeding following a 36-h nonfeeding period), and at multiple time points after the beginning of the experiment (4 to 96 h after feeding). Rhodomonas, prey algal RNA used as a negative control. (B and C) Osmotic shock. P. piscicida cultured in 15-PSU seawater was osmotically shocked by adding autoclaved distilled water or 45-PSU artificial seawater to achieve 5 or 35 PSU, respectively, and sampled at 1, 6, and 24 h after osmotic shock. Initial samples were collected as a control about 36 and 28 h after feeding for hypoosmotic (B) and hyperosmotic (C) treatments, respectively. (D) Heat shock. Culture grown at 20°C was transferred to 30°C and samples were taken at 1, 6, and 24 h after heat shock. The initial sample was collected about 36 h after feeding. For all the experiments, RNA equivalent to the cell number was used in RT-PCR for each sample (2 ϫ 10 4 cells for Ppmapk1 and 400 cells for cob).
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PFIESTERIA PISCICIDA MAPK 347 (22) . However, more-extensive examination of the correlation between Ppmapk1 expression level and growth rate under different growth conditions is needed. In addition, although the primer set used in this study appeared to be specific for P. piscicida (negative results for Rhodomonas shown above; negative results for P. shumwayae and some other dinoflagellates not shown), specificity of the primer set needs to be examined further. Upon establishment of a robust correlation between growth rate and Ppmapk1 expression and a species-specific primer, application of this gene to estimations of P. piscicida growth rate in situ would become feasible.
